We present a general extension of the metadynamics allowing for an automatic sampling of quantum property manifolds (ASQPM) giving rise to functional landscapes that are analogous to the potential energy surfaces in the frame of the Born-Oppenheimer approximation. For this purpose, we employ generalized electronic collective variables to carry out biased molecular dynamics simulations in the framework of quantum chemical methods that explore the desired property manifold. We illustrate our method on the example of the "biradicality landscapes", which we explore by introducing the natural orbital occupation numbers (NOONs) as the electronic collective variable driving the dynamics. We demonstrate the applicability of the method on the simulation of p-xylylene and [8]annulene allowing to automatically extract the biradical geometries. In the case of [8]annulene the ASQPM metadynamics leads to the prediction of biradical scaffolds that can be stabilized by a suitable chemical substitution, leading to the design of novel functional molecules exhibiting biradical functionality. arXiv:1909.09005v1 [physics.chem-ph] 
I. INTRODUCTION
Molecular functionality can often be assigned to a given property of the electronic wavefunction, e.g., the strength of the transition dipole moment determines the efficiency in light-harvesting processes, 1 while in catalytic processes, properties such as the charge distribution and spin-density define the intrinsic activity of the catalysts as well as their reaction route. [2] [3] [4] Since the electronic wavefunction exhibits a direct dependence on the nuclear coordinates of the molecule, its characteristics are directly dependent on the structural evolution of the system. Therefore, within the framework of the Born-Oppenheimer (BO) approximation, 5 these properties can be represented as "functional landscapes", in analogy to the concept of potential energy surfaces (PES). The theoretical investigation of these multidimensional hypersurfaces enables a systematic exploration of the structurefunction relationship in molecules, allowing to obtain information about their stability and thus to ascertain the structural and energetic accessibility of desired functions in molecules and functional conformations. A molecular functionality of particular interest consists in the biradical character. 6 Several light-induced processes in molecules take place upon transient population of biradical conformations, e. g. at crossing points of the first excited and the ground BO states, where strong nonadiabatic coupling leads to efficient non-radiative decay of excited molecules. 7 Also several bond forming reactions take place via biradical intermediates, such as photoinduced cycloaddition reactions. 8 The introduction of protecting groups allows to stabilize these highly reactive compounds, giving rise to new classes of functional a) Electronic mail: merle.roehr@uni-wuerzburg.de molecules with several potential applications: Organic biradical molecules serve as attractive candidates for optoelectronic applications such as singlet fission. [9] [10] [11] Successful strategies for the realization of new organic biradicals consist in consideration of quinoidal compounds and to produce their open-shell resonance structure upon substitution, following the ideas of i) strengthening the π electron conjugation and thus aromatic structure or ii) biasing the biradical configuration by introduction of a steric strain. 12 Also inorganic biradicals can be stabilized upon introduction of protecting ligands. Only recently, a biradical complex bearing a twisted boronboron double bond stabilized by the introduction of bulky cyclic (alkyl)(amino)carbene (CAAC) ligands has been presented. 13 Therefore, development of theoretical methods that allow for systematic generation of new biradical molecular scaffolds is highly desired. Accompanied with the development of strategies for the energetic stabilization of the generated biradicals this would enable systematic prediction of new molecules with desired biradical-based functionality.
In this contribution we wish to present a new methodology for an "automatic sampling of quantum property manifolds" (ASQPM) which allows to theoretically investigate the functional landscape of molecules with a given chemical composition. Therefore, based on the idea of Parrinello's metadynamics [14] [15] [16] [17] [18] [19] we have developed a multistate extension of the latter by introduction of quantum mechanical, electronic collective variables that are capable to represent the function of interest. Furthermore, we employ an additional bias that serves to locally modify the already explored regions, driving the dynamics forward, in the limit sampling the whole conformational space.
As a first demonstration, we apply this method in the framework of the complete active space self-consistent field method (CASSCF) to the exploration of "biradicality landscapes" of p-xylylene and [8] annulene. From the theoretical point of view, biradicality can be clearly definded employing the occupation numbers of natural orbitals (NOONs) which can be derived from the electronic wavefunction upon calculation and subsequent diagonalization of the density matrix. Therefore, sampling the NOONs within the structural conformation space gives a direct picture of the "biradicality landscape" as presented for p-xylylene. In addition, we have carried out further calculations on the biradical conformations of [8] annulene obtained from the ASQPM simulations, enabling the design of stable biradical molecules upon rational substitution, proving that the ASQPM simulations can deliver useful information for the realization of new functional molecules.
II. METHOD
The original metadynamics introduced by Parrinello and coworkers [14] [15] [16] [17] [18] [19] represents a sophisticated accelerated molecular dynamics technique using collective variables (CVs) to drive transitions between different barrierseparated basins on the PES, thus allowing for systematic sampling of the PES as well as the determination of free energies. A wide variety of classic CVs has been implemented, ranging from simple geometrical quantities to complex variables constructed by machine learning and dimensionality reduction techniques. 18, 20 The method finds broad application in the frame of force field simulations e.g. for investigation of folding mechanisms in proteins, 21 while studies based on quantum chemical metadynamics simulations are still relatively rare. 22, 23 To the best of our knowledge, we have recently published a first multistate formulation of the quantum chemical metadynamics, capable of the automatic localization of conical intersections in molecular systems. The algorithm is available through the metaFALCON program package. 24, 25 In the present study, we employ the NOONs as an electronic collective variable, which can be derived from the electronic wavefunction by calculating the one-electron reduced density matrix expanded into the molecular orbital basis. Upon diagonalization, a set of eigenvalue-eigenvector pairs is obtained, representing the reduced density matrix D in terms of natural orbitals (NO) ϕ i as
It should be noticed that the NOs are the best possible approximation of the many-particle problem based on one-electron wavefunctions and can therefore be used as an indicator for unpaired electrons in a molecular system. The corresponding eigenvalues n i can be interpreted as NOONs. 26, 27 In a closed-shell configuration, all NOONs lie either close to zero or two, i.e. electrons occupy the NOs in pairwise manner. The orbital with the lowest NOON close to two is referred to as highest occupied natural orbital (HONO) with NOON n H , while the orbital with the highest NOON close to zero is called lowest unoccupied natural orbital (LUNO) with NOON n L . In an open-shell configuration with even total number of electrons, however, one or several pairs of NOs are singly occupied leading to NOON values close to 1. In the special case of a biradical, two unpaired weakly interacting electrons are present, i.e. N/2 − 1 NOs are doubly occupied, followed by the two NOs with NOON value n H and n L that are approximately one. Therefore, the gap between n H and n L can serve as a measure for the degree of biradicality (if all other NOONs have values close to zero or two), and thus can be employed as a clearly defined, quantum-mechanical collective variable for the systematic sampling of the biradicality landscape.
Our ASQPM method relies on a molecular dynamics simulation propagating Newtons equation of motion, biased by the modification of the potential energy surface (PES) upon adding a history-dependent potential V G (t):
( 2) with V el representing the unbiased BO PES. The bias potential V G (t) is built up at regular time steps τ G by adding gaussian-shaped functions along the electronic CV ∆n meta :
(3) while the shape of the added Gaussians is defined by the height w and width δ∆n meta parameters. The Heaviside Θ-function is used in order to update the potential only when ∆n meta exceeds the threshold . In order to systematically sample the biradicality landscape we introduce an additional off-diagonal coupling term V N into the sub-block of the density matrix D diag containing the HONO and LUNO (represented by their NOON values n H and n L ). In this way, the corresponding submatrix becomes
Upon diagonalization of the latter, we obtain an effective NOON gap
which assumes values between 2 (closed shell structure) and 0 (bi-or polyradical structure), as long as V N is zero. The off-diagonal biasing potential V N plays a crucial role in the method allowing the system to move along the biradicality landscape. For this purpose, V N is updated every τ G steps, if ∆n meta drops below , according to
In order to distinguish between different biradical geometries and prevent the simulation to visit the same part of the landscape several times, a set of additional (geometric) CVs {s i } needs to be chosen. The algorithm and the role of the biasing potentials is schematically illustrated in Fig. 1 . The restriction to the exploration of biradical structures rather than polyradicals, i.e. all NOONs other than n L and n H are close to 0 or 2, is achieved by two quadratic wall potentials acting on n L+1 and n H−1
Due to the sorting of the NOONs, these two wall potentials restrict all NOONs other than n H and n L to values below L+1 or above H−1 . Thus, the full equation of motion for the nuclei in the frame of the ASQPM method has the form:
where V el is the original electronic potential obtained from the chosen electronic structure method and V G and V L+1 wall + V H−1 wall represent the above described biasing potentials.
Evaluation of the nuclear gradients requires the differentiation of ∆n meta with respect to the nuclear coordinates
(10) while the gradients ∇n H and ∇n L are needed for calculation of the wall potentials in Eqs. 7 and 8 and are available through numerical differentiation, which can be efficiently parallelized.
For initializing an ASQPM simulation any arbitrary structure of the studied molecular system can be used. For integration of the nuclear equations of motion we employ the velocity Verlet algorithm. 28 The nuclear forces are calculated "on the fly" according to Eq. 9. If the starting structure favors a closed shell configuration, the dynamics is dominated by the electronic potential V el in the beginning. As the simulation proceeds, Gaussianshaped potentials are added to V G , until the influence of the latter is strong enough to lead the system to a biradical structure with ∆n meta ≈ 0. From there on, V N has growing impact on the dynamics because the small ∆n meta activates the addition of Gaussians according to Eq. 6, thus starting the biradicality landscape exploration phase. The interplay of the two bias potentials V G and V N allows to subsequently visit multiple different biradical structures while V N converges to a hypersurface that can be interpreted as "biradical functional landscape" with respect to the (geometric) CVs s i .
III. RESULTS AND DISCUSSION

A. p-Xylylene
In contrast to m-xylylene which is a biradical in its most stable singlet ground state structure, a closed-shell quinoidal structure is preferred for p-xylylene. [29] [30] [31] However, rotation of one of the methylene groups by 90 • separates one electron at the respective carbon atom from the planar π-system and therefore changes the electronic character from closed-shell to biradical qualifying p-xylylene as an illustrative example for the demonstration of NOON-gap metadynamics. We use the two torsion angles {φ 1 , φ 2 } defining the orientation of the methylene groups with respect to the ring plane as a set of CVs in Eq. 6 (see Fig. 2a ), proving in the following section that the ASQPM approach is suitable to find the expected biradical conformations.
Starting the ASQPM simulations from planar pxylylene (shown in Fig. 2a ), the bias potential V G drives the molecular dynamics into a biradical configuration space within 1.2 ps. The resulting structure, displayed in Fig. 2b , exhibits a 90 • twist and pyramidalization of the methylene group. The progression of the frontier NOONs along the 12.0 ps trajectory presented in Fig. 2c clearly  a indicates that the initial electronic structure is of closedshell singlet character in the beginning, reflected in occupation numbers close to 0 and 2 while during the first 1.2 ps the gap between n H and n L decreases, reaching an occupation of 1 and 1, respectively. After 2.9 ps, the acting V G is strong enough to preserve the biradical openshell singlet character of the wavefunction. Once having reached this NOON configuration, the MD is forced to evolve to "new" structural regions by adding repulsive Gaussians to V N at the current positions. Therefore, the whole landscape of φ 1 and φ 2 can be explored (see Fig. S1 in the Supporting Information) while the value of both n H and n L is kept close to 1. When this degeneracy is lifted after 4.5 ps, V G is again updated, so that the bias towards large values of ∆n meta is intensified and thus, the system returns to the closed gap configuration after very short times.
The negative of the resulting V N represents a hypersurface bearing minima with configurations of φ 1 and φ 2 corresponding to energetically favorable biradical structures. The surface depicted in Fig. 2d has been obtained after 12.0 ps from the sum of 110 Gaussians and subsequent symmetrization according to the equivalent nature of φ 1 and φ 2 as well as positive and negative values of torsion angles. It can be clearly seen that rotation of a single CH 2 -moiety is the energetically most affordable way to obtain biradical character in p-xylylene. A biradical conformation of both methylenes standing perpendicular to the central phenyl ring, however, is about 15 eV less stable in energy, which is probably due to the two strongly localized unpaired electrons on the methylene groups, while in structures with only one rotated CH 2 group, the unpaired electron of the other CH 2 moiety is partly delocalized over the whole remaining π system (see Fig. S2 in the Supporting Information).
B. [8]Annulene
In the second example, we elucidate the biradical landscape of [8] annulene, representing a class of molecules bearing a high structural flexibility and therefore several isomeric conformations. 32 For this purpose, we employ ASQPM simulations along with the NOON gap as electronic CV and the three-dimensional Wiener number 33 W as a versatile CV s 1 in Eq. 6. The Wiener number is given as the sum over all interatomic distances in the molecule and therefore correlates with molecular shape. A small Wiener number thereby refers to a relatively compact, sphere-like structure, while planar structures lead to larger values of W . In Fig. 3a the energy evolution of the singlet and triplet as well as the first excited state along the obtained trajectory is presented. Since [8] annulene is antiaromatic, the lowest ground state structure chosen as initial conformation in the simulation is nonplanar, bearing C 2v symmetry (see Fig. 3c ), and exhibits a pronounced singlet-triplet gap of more than 3 eV. As depicted in Fig. 3b , with growing V G the molecule rapidly escapes from the initial closed-shell configuration of the frontier orbitals n H and n L rearranging in a planar biradical conformation within 400 fs. The following 7.0 ps are characterized by an oscillation around the D 8h symmetric structure in which HOMO and LUMO are degenerate in energy and thus the open-shell singlet configuration is favored. As shown in the enlarged view given as inset in Fig. 3a , the energy gap between S 0 and S 1 decreases and increases periodically. Furthermore, the occupation of n H and n L strongly oscillates indicating that already only slight nuclear motion of the molecule immediately cancels the biradical character of the conformer. These observation can be assigned to the presence of a Jahn-Teller conical intersection arising in axial biradicals like [8] annulene in D 8h symmetry. 7 In this region of the tra- jectory, the molecule stays almost planar, but C−C bond stretching leads to periodic transient formation of equal bond length and an alternating single / double bond character which breaks the symmetry. In the third section of the trajectory, V N drives the dynamics towards a C s symmetric structure, baring a smaller Wiener number compared to the planar structure (see Fig. S4 in the Supporting Information). Remarkably, from 7.0 ps on, ∆n stays close to zero. This indicates that the electronic configuration in this range is less sensitive to structural changes. As expected, singlet and triplet energies are degenerate which allows us to characterize the structure to be of biradical character. The obtained C s structure is 2.7 eV higher in energy than the ground state equilibrium structure and does not represent a minimum on the potential energy surface. By analyzing the shape of the calculated singly occupied natural orbital (SONO), the location of the respective unpaired electron can be determined. From the orbitals in Fig. 4a , it can be seen that both HONO and LUNO are delocalized over all carbon atoms in the beginning of the trajectory. By reaching the biradical C s structure, they transform into two SONOs that have the largest coeffi-cients at C1, C4 and C6 (see Fig. 4b for atom numbering) . This allows the interpretation of two unpaired electrons each being localized at one of these three carbon atoms with high probability. This information can be used for the rational stabilization of the biradical structure by the introduction of appropriate substituents (see Fig. 4  b) . First, we make use of the idea of strengthening the π electron conjugation and thus aromatic structure by introduction of two thiophene units fused to the annulene ring allowing the electronic isolation of two double bonds adjacent to the puckered C1 atom because of the aromaticity of the two 6-electron systems. Additional sterical stability is created by another methylene bridge between the two thiophenes. By these modifications, the π system of annulene can be characterized as two isolated radicals separated by two closed-shell units integrated into aromatic subsystems. The resulting molecule B1 has a distorted structure with cancelled symmetry due to partial double bond character between two of the carbon atoms in the remaining planar part. The SONOs of B1, given in Fig. 4 c) , consequently are more localized to one side compared to the unsubstituted annulene. Furthermore, no significant contributions are observed from the carbon atoms fused to the thiophenes. On the other hand, the unpaired electron density is partly delocalized into the thiophene rings. Frontier NOONs of 1.05 and 0.95 and a singlet-triplet gap close to zero indicate an almost perfect biradical character. The introduction of additional hydroxy groups at position 1 and 4 leads to a molecule B2 (see Fig. 4 b) in which the biradical character is mostly preserved and which might be synthetically accessible upon preparation by twofold reduction of the corresponding closed-shell dicarbonyl species. The corresponding frontier natural orbitals are depicted in Fig. S5 of the Supporting Information.
IV. COMPUTATIONAL DETAILS
The electronic structures of both p-xylylene and [8] annulene have been calculated on the CASSCF(8,8)/6-31G 34-37 level as implemented in Molpro2012, 38 including all π orbitals in the active space. MD simulations have been performed using the metaFALCON program 25 utilizing the velocity Verlet algorithm 28 for the integration of the Newtonian equations of motion in steps of 0.25 fs and temperature was controlled using a Berendsen thermostat 39 at 300 K. Gaussians with a width of 0.1 and height of 0.2 eV have been added to V G every 200 time steps according to Eq. 3, while a value of 0.1 has been used for . V N has been composed from Gaussians with parameters of 0.5 eV for w and 20 • for δφ 1 and δφ 2 in p-xylylene and 0.1 eV for w and 0.1Å for δW in [8] [8] annulene derivatives B1 and B2 with frontier NOONs and singlet triplet gap ∆EST . The employed numbering scheme for the carbon atoms is depicted in gray. c) Optimized structure and singly-occupied NOs of the stabilized biradical. B1.
V. CONCLUSION
In conclusion, we have introduced a new methodology that allows for an automatic sampling of quantum property manifolds (ASQPM) giving rise to functional landscapes of molecules in analogy to the potential energy surfaces of BO states. This has been achieved by performing biased molecular dynamics simulations, that employ quantum mechanical properties derived from an electronic wavefunction as collective variable.
As a first application we employ the ASQPM simulations in the framework of CASSCF, chosing NOONs as an electronic CV. By inserting an additional off-diagonal bias into the sub-block of the density matrix D diag containing the HONO and LUNO NOONS n H and n L and subsequent diagonalization at the already explored regions, we force the dynamics to systematically sample the biradical conformational space. This allows us to obtain the "biradicality landscape" of p-xylylene. Furthermore, we use the ASQPM algorithm in order to generate a biradical conformation of [8] Annulene that could be successfully stabilized upon rational substitution as proven by structure optimization and analysis of the obtained NOONs. We have demonstrated that information obtained from ASQPM simulations provides general insight in the structure-function relation in molecular systems and allows designing new stable biradical molecules upon rational substitution. In this way, our method should support experimental chemists in the realization of new molecules with tailored functionality. The method has been implemented into the metaFALCON program package. 25 In principle, within the ASQPM framework any function of interest that can be assigned to a property of the electronic wavefunction, both in ground and in excited state, can be explored and the simulations can be carried out in the framework of an arbitrary quantum chemical method that provides energy gradients and (if desired) excited state energies. Our future work will be devoted to to the implementation of further electronic CVs as well as the extension to QM/MM simulations allowing us to study and design catalytic reaction routes as well as new molecules of tailored functionality.
SUPPLEMENTARY MATERIAL
The time evolution of the employed CVs as well as natural orbitals of p-xylylene and B2 and cartesian coordinates of the optimized structures are available in the Supporting Information. 
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NOONs n H 1 n H n L n L +1 Figure S3 : NOONs along the ASQPM trajectory of [8] annulene. The regions shown in Fig. 3 of the main article are highlighted with blue background. 
